Abstract Mine tailings are an environmental problem in southern Spain because wind and water erosion of bare surfaces results in the dispersal of toxic metals over nearby urban or agricultural areas. Revegetation with tolerant native species may reduce this risk. We grew the grass Lygeum spartum under controlled conditions in pots containing a mine tailings mixed into nonpolluted soil to give treatments of 0%, 25%, 50%, 75%, and 100% mine tailings. We tested an acidic (pH 3) mine tailings which contained high concentrations of Cd, Cu, Pb, and Zn. Electrical conductivity and pH of the control soil were dramatically affected by the addition of the acid tailings (pH <4.5, electrical conductivity >2 dS m −1 in all treatments). Water extractable metal concentrations increased in proportion to the amount of tailings added (up to 1,000 mg kg −1 Zn). L. spartum survived, but only in the 25% treatment. In all treatments and for all metals, the plants accumulated higher concentrations in the roots than in shoots.
Introduction
The disposal of mining wastes can have deleterious effects on the environment. Tailings often have a low pH, high concentrations of heavy metals, a lack of nutrients, a low water retention capacity, high electrical conductivity, and steep slopes. These factors inhibit plant establishment and, consequently, their surfaces are exposed to wind and water erosion, which may result in the contamination of nearby waters and soils with toxic metals. The dispersal of contaminants may occur on local as well as regional scales.
Although natural revegetation of mine tailings is usually slow, a few species of metal and salt tolerant plants can survive in these extreme, but relatively competitor-free, environments (Macnair 1987 ). Annual species adapt faster to these conditions than perennial plants because their shorter life cycles allow them to produce a larger variety of genotypes in a shorter time (Wei et al. 2005) .
The Cartagena-La Unión mining district (0-400 m above sea level; 37°37′20″ N, 0°50′55″ W-37°40′03″ N, 0°48′12″ W) is at the Southeast of the Iberian Peninsula and covers an area of 50 km 2 ( Fig. 1) . The semiarid climate of the zone is typically Mediterranean with an annual rainfall of 250-300 mm. The annual average temperature is 18°C. Mining occurred in this area for more than 2,500 years until it ceased in 1991 for economic and environmental reasons. Base metals were smelted from sulfide minerals that included galena and sphalerite. The wastes form mining refining operations were stockpiled into tailings. These tailings pose a risk to local ecosystems and human health, due to the dispersal of dust and sediments by erosion (Conesa et al. 2006) . Some are near urban and agricultural areas, increasing the risk of human exposure to metals via wind-borne dust or consumption of contaminated garden and agricultural crops.
The aims of this work were to investigate the effect of increasing tailings dosages on metal solubility in an agricultural soil as well as the growth and metal uptake by a native grass species from the CartagenaLa Unión mining district.
Materials and Methods

Soil Samples
We studied the mine tailing called "Belleza", located near La Unión (U.T.M. X688 760 m; Y4165 700 m; Z190 m). Conesa et al. (2006) describe the sampling locations and local vegetation. Tailing samples were taken from the upper 40 cm of 15 separate soil pits that were dug at regular intervals, at least 8 m apart. Then, all samples were mixed to give one homogenized composite sample which was air dried, sieved to <2 mm, and stored in plastic bags prior to laboratory analysis and pot experiment. Control soil was taken from a forest site near Zürich (Switzerland). Soil samples characteristics are shown in Table 1 .
Metal Extractability Studies
Tailings and agricultural soil were mixed at different proportions to give treatments of 0% (uncontaminated soil), 25%, 50%, 75%, and 100% (pure mine tailings). For each mixture, we measured pH at a soil/water ratio of 1:2.5 using a Metrohm (Omega) pH meter. Total metal concentrations were determined by X-ray fluorescence spectroscopy (Spectro X-Lab 2000) . Soluble metals were extracted with H 2 O at a 1:5 soil/water ratio (Ernst 1996) . The filtered extracts were analyzed for Cu, Cd, Pb, Zn, K, Mg, Ca, and Na by flame atomic absorption spectrometry (SpectraAA 220/FS, Varian). Electrical conductivity was measured in the water extract (1:5 soil/water ratio) using a conductivity meter WTW LF318/SET.
Pot Experiment
The pot experiment was performed with a native grass, Lygeum spartum. Plants of this species were grown from seed in plastic pots containing approximately 0.4 kg of the aforementioned mine tailingssoil mixtures. We used seeds of L. spartum collected from the mining area of Cartagena-La Unión. Two seeds were planted in each pot. Pots were irrigated with nutrient solution containing 400 mM Ca(NO 3 ) 3 4H 2 O, 200 mM MgSO 4 7H 2 O, 100 mM KH 2 PO 4 , and 500 mM KNO 3 (all chemicals from Merck). Soils We used SPSS 14.0.0 (SPSS, Chicago, IL, USA) for all statistical analysis (analysis of variance with least significant difference). Data that were lognormally distributed according to the Levene test were log-transformed before analysis. Differences at P<0.05 level were considered significant.
Results and Discussion
The addition of acid tailings material to the control soil significantly reduced the pH (from 7 to 4.2) already in the 25% treatment rate. All the mixtures with mine tailings had electrical conductivity values >2 dS/m (Table 2 ) and are thus extremely saline according to the classification of Alarcón-Vera (2004) . Only salt tolerant species are able to grow under such conditions and one would expect that chickpeas, which are sensitive to salinity, would show reduced growth in the treatments with mine tailings.
The addition of tailing material to the control soil caused significant increases in extractable heavy metal concentrations (Fig. 2a) . Some 20% of the total Zn and 60-90% of total Cd was water soluble in all acid tailing treatments. The water extractability of Pb and Cu increased in proportion to the percentage of tailing material added. The maximum values were 2% and 0.15%, respectively, in the 100% treatment. Water extractable Na concentrations were not affected by acid tailing addition (Fig. 2b) , while soluble Ca and Mg concentrations increased significantly.
According to European legislation (European Communities Council 1986), the addition of the tailings materials used in this study to agricultural soils would be forbidden, because the metal concentrations exceeded limit values (>4,000 mg kg −1 Zn; >1,200 mg kg −1 Pb). Although at first view a mixture of 25% or 50% tailing with the surrounding soil may appear unlikely, some previous studies in the area have found that due to deposition of wind-eroded material, more than 50% of tailing materials had been incorporated into soil profiles of lands surrounding the tailings (García-García 2004). The ratios of exchangeable Ca/Mg and K/Mg ratios were within the normal range in soils, indicating that neither excess nor deficiencies should occur. According to Alarcón-Vera (2004) , ratios of exchangeable Ca/Mg (in meq 100 g −1 ) around 5 are deficiencies. In all the treatments except the control soil, the K/Mg ratio was 0.4 and thus above this value. For K, solubility increased in the 25% treatment compared to the control, then decreased at higher rates of mine tailing additions. Total K in control soil is 14,000 mg kg −1 while in acid tailing is 2,000 mg kg −1 (data not shown). The addition of acid tailing enhanced mobility of K due to acidification in the 25% treatment. Further addition of acid tailing decreased of the pool of total K and consequently the water extractable concentrations were lower. Calcium and magnesium increased significantly as mine tailing is added. This may be produced by higher cation availability in the control soil as pH decreases and the high content of these two cations in the tailing soil. L. spartum plants died in 50%, 75%, and 100% tailing treatments and only those in the 25% treatment showed signs of growth. These plants (Fig. 3) had higher Pb (100 mg kg −1 in shoots; 800 mg kg −1 in roots) and Zn (1,000-1,800 mg kg −1 in shoots, up to 3,500 mg kg −1 in roots). Differences were larger between controls and acid tailing treatments than spartum plants growing in situ in tailings from the Cartagena-La Unión mining area. These concentrations were lower than the values obtained in our study (even in relation to the lowest polluted treatment). Conesa et al. (2007) showed how the growth of certain plant species under controlled conditions resulted in significantly higher metal uptake compared to plants sampled in the field due to the changes in growing conditions. These changes were especially important when plants from arid environments are oversupplied with water. Cattle should be prevented from grazing on L. spartum growing on soils affected by deposition of mine tailings material. Although the concentrations of metals taken up through roots and accumulated in plant tissues are low, metal-rich dust particles adhering to the surfaces of plants must also be taken into account. Furthermore, factors such as the direct ingestion of soil by cattle may play an important role for the transfer of the metals into the food chain.
Conclusions
Adding mine tailings to nonpolluted soil affects soil properties, plant growth, and metal accumulation by plants differed. Acid mine tailings addition had a greater affect on soil properties (pH, electrical conductivity) and inhibited plant growth in all treatments except at 25% dosage.
Our experiment indicate that L. spartum grow in polluted mine tailing polluted soils and accumulate high concentrations of metals without being showing visible symptoms under low dosages of polluted tailings. Therefore, plant metal uptake may pass unnoticed by farmers and constitute risk for food chain. On the other hand, revegetating bare mine tailings is important to stabilize the surfaces of these polluted soils and to reduce the migration of polluted materials to the adjacent fields. Future scientific studies could investigate soil amendments that decrease metal bioavailability in polluted areas near tailings.
